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Abstract 
In the thesis, the relationship between the plasma chemistry and energetics, 
and the thin film composition and structure evolution of transition metal oxide 
thin films deposited by magnetron sputtering in an Ar / O2 atmosphere is 
investigated as a function of the O2 partial pressure (p(O2)). The previously 
reported composition of films deposited onto grounded non-intentionally 
heated substrates was correlated with the dominant positive and negative ion 
populations in the plasma. While the oxygen deficient films were grown in the 
Ar + dominant mode, the close-to-stoichiometric films were grown in the 
O + / O – dominant mode. The formation of close-to-stoichiometric ZrO2.1 is 
observed in the compound mode, while the formation of closed-to-
stoichiometric Nb2O4.7 thin films was reported in addition to the compound 
mode also in the transition mode. This may be understood based on 1.5-1.9 
times higher power dissipated in the Nb-Ar-O2 plasma as compared to the Zr-
Ar-O2 plasma. It is suggested that at larger power O2 dissociation may be 
more efficient and lead to the presence of sufficiently high atomic oxygen 
density to fully oxidize the films. Further, the energy distribution functions 
(EDF) of O – ions of magnetron sputtered Nb, Ta, Zr, and Hf in an Ar / O2
atmosphere were measured as a function of the p(O2). Three ion populations 
were detected in the plasma: low, medium and high energy ions. The EDFs 
were compared to distributions obtained based on sputtering theory. If the 
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surface binding energy is assumed to be equal to the heat of formation, good 
agreement between the experiment and theory was achieved. From 
correlating the measured ion energy distributions with previously published 
phase stability data, it can be deduced that large fluxes of medium and high 
energy O – ions may enable the formation of crystalline transition metal oxide 
thin films during low temperature growth. Furthermore, the EDFs of O – ions of 
magnetron sputtered Al were measured as a function of the p(O2) and the 
origin of the three ion populations is discussed. Based on calculation, it is 
proposed that non-sputtered O – ions originating from the target surface are 
accelerated in the cathode fall, while sputtered O – ions may be excluded as a 
significant contribution to the high energy ion population. Moreover, evidence 
for accelerated sputtered AlO – and AlO2 – clusters is presented, which 
subsequently dissociate forming a significant part of the detected medium 
energy O – ions. The here presented findings may provide pathways towards 
deposition rate enhancement through altering the plasma chemistry as well as 
a phase stability tuning through varying the plasma energetics.
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Zusammenfassung 
Im Rahmen dieser Arbeit wurde die Auswirkung der Plasmachemie und -
energetik auf die Zusammensetzung und Kristallstruktur von Dünnschichten 
der Übergangsmetalloxide, abgeschieden mittels Magnetronsputtern, als 
Funktion des Sauerstoffpartialdruckes untersucht. Die Zusammensetzung der 
auf geerdetem, nicht vorsätzlich geheiztem Substrat abgeschiedenen 
Schichten wurde mit den vorherrschenden positiven und negativen Ionen im 
Plasma korreliert. Die sauerstoffarmen Schichten wurden in Ar+-dominiertem 
Plasma, die nahezustöchiometrischen Schichten im O+/O--Modus 
abgeschieden. Die Bildung von nahezustöchiometrischem ZrO2.1 geschah im 
„Compoundmode“, während nahezustöchiometrisches Nb2O4.7 sowohl im 
„Compoundmode“ als auch im „Transitionmode“ abgeschieden wurde. Diese 
Beobachtung kann mit der 1,5-1,9-fach höheren Leistung im Nb-Ar-O2-Plasma 
im Vergleich zum Zr-Ar-O2-Plasma erklärt werden. Es sei darauf hingewiesen, 
dass die Dissoziation von O2 duch die höhere Leistung effizienter ablaufen 
und zu ausreichend hoher Dichte von atomarem O führen könnte, was 
wiederum die Abscheidung von nahezustöchiometrichen Schichten 
ermöglichen könnte. Die Energieverteilungsfunktionen (EDF) der O--Ionen 
beim Magnetronsputtern von Nb, Ta, Zr und Hf in einer Ar/O2-Atmosphäre 
wurden als Funktion des O2-Partialdruckes gemessen. Drei Ionengruppen 
konnten in den Plasmen identifiziert werden: niedrig-, mittel-, und 
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hochenergetische O--Ionen. Die EDF wurden mit den auf der Sputtertheorie 
basierenden EDF verglichen. Unter der Voraussetzung, dass die 
Oberflächenbindungsenergie und die Bildungsenthalpie gleich groß sind, 
ergibt sich eine gute Übereinstimmung zwischen Experiment und Theorie. Aus 
der Korrelation zwischen den gemessenen EDF und der in früheren 
Publikationen ermittelten Phasenstabilität kann abgeleitet werden, dass die 
hohen Ströme von mittel- und hochenergetischen O--Ionen die Bildung von 
kristallinen Übergangsmetalloxidschichten bei niedrigen Temperaturen 
ermöglichen können. Weiterhin wurden die EDF der O--Ionen beim 
Magnetronsputtern von Al als Funktion des O2-Partialdruckes gemessen und 
der Ursprung der drei O--Ionengruppen diskutiert. Anhand der Rechnungnen 
wird ersichtlich, dass nichtgesputterte, von der Targetoberfläche stammende 
O--Ionen im Kathodenfall beschleunigt werden, während gesputterte O--Ionen 
als unbedeutender Beitrag der hochenergetischen O- -Ionen vernachlässigt 
werden können. Darüber hinaus werden Beweise über gesputterte und 
beschleunigte AlO-- und AlO2--Cluster präsentiert, die in der Gasphase 
dissoziieren und einen signifikanten Beitrag zu den mittelenergetischen O--
Ionen liefen. Die hier aufgeführten Ergebnisse beschreiben Wege zur 
Erhöhung der Abscheiderate durch Änderung der Plasmachemie und zur 
Phasenstabilität der Oxidschichten durch Änderung der Plasmaenergetik. 
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1. Introduction 
We use materials with optimized properties for one or another application. 
When you look into the mirror at yourself in the bathroom it is thanks to the 
metallic reflection layer of the mirror. When you put up a painting you drill a 
hole with a golden looking drill. The drill’s lifetime was prolonged by a thin 
protective layer. When you borrow a movie you always wanted to watch, your 
DVD player translates the information coded in the optical property of a thin 
layer into the scenes you will talk about with your friends next week.  
Whatever application one may think about, it may require materials with 
specific mechanical, electrical, optical or magnetic properties or a combination 
thereof. The main aim of materials research is therefore to explain the 
physical relationships between their synthesis and properties to enable 
synthesis of materials with the desired property combination. 
Solid materials can be synthesized for example as a bulk material and/or as a 
thin film on a proper substrate. This work concentrates on thin film synthesis 
by physical vapor deposition (PVD). To introduce the research field, the 
deposition methods and the influence of the deposition conditions on the film 
properties are briefly described, and the motivation for the work is presented.  
1. Introduction 
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In PVD techniques, material leaves a solid source by physical means; it is 
evaporated, it is sputtered or plasma is formed directly at a surface.[1]  
In evaporation, material is heated, evaporates and subsequently condenses at 
an appropriate substrate.[1] Although high temperatures are needed (T ~ 900-
3100 K 1 ), individual evaporated particles have low 2  energies (E ~ 0.08-
0.27 eV 3).
In arc depositions, plasma is formed at the surface of a cathode. The process 
can be described as micro explosions of the material upon relatively high 
current (~ several 10-100 A) flowing through the cathode constricted to a 
relatively small area (~ 10 x 10 μm2).[1] In this way, highly ionized plasma is 
created what makes the control of the particle energy (ion energy) and the 
directionality of the particle flux possible by means of an electric field. The 
major disadvantage of this technique is a production of so called 
macroparticles (∅ 0.1-1.0 μm), which when deposited, undesirable influence 
the film properties. Macroparticles can be filtered out by steering plasma 
through a curved duct using a magnetic field.  
1  Melting temperature of the deposited material. 
2  The energy is lower as compared to the energy of an accelerated ion E = lqleΔU,
where E, q, e, and ΔU are the ion energy, the ion charge state, elementary charge, 
and the accelerating potential difference usually in the order of tens to hundreds of 
volts, respectively. 
3 E = kT, k = 1,38.10-23 J.K-1 is Boltzmann constant, 1 eV (electronvolt) = 1,602.10-
19 J.
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In sputtering, target / cathode 4 atoms are removed from its surface when it is 
exposed to energetic particle irradiation. In the simplest approximation, 
sputtering can be described by elastic collisions between the incident particle 
and the target atoms.[2] Ion momentum and energy will be transferred to the 
target atoms forming a collision cascade. When an atom from the surface 
layers of the target is a part of the collision cascade and it acquired energy 
higher than its binding energy, it can be sputtered. Details on sputtering will be 
given in chapter 3. 
Thin film properties are known to be influenced by the deposition 
conditions,[3, 4] such as the substrate temperature controlled by heating [3] 
and the energy of the particles [4] tuned by an applied bias potential.5 A 
particle with higher energy can overcome potential barriers, diffuse on the 
surface, and condense at an energetically favorable position. The residual 
gases such as H2, H2O, N2, O2, CO, and CO2 may be incorporated into the 
film and consequently modify its composition and properties.[5] Furthermore, 
the ion-to-metal flux ratio was also found to play a key role for the preferential 
growth of the thin film.[6] The influence of the deposition conditions will be 
discussed in chapter 4 in detail. 
4  The terms target and cathode are used as synonymous. Material to be sputtered is 
generally called a target. In diode and magnetron sputtering, positive ions formed 
in the plasma are accelerated towards a cathode by its negative potential and the 
cathode is subsequently sputtered. 
5 The ion energy can only be tuned by an applied bias potential. 
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This work concentrates on reactive magnetron sputtered transition metals, 
namely Nb, Ta, Zr, and Hf, as well as one non-transition metal, namely Al, in 
an Ar / O2 atmosphere as a function of the O2 partial pressure (p(O2)).
Transition metal oxides are technologically interesting materials. Because of 
the high refractive index and large dielectric constant, Nb2O5, Ta2O5, and HfO2
are used in capacitors,[7, 8] optical waveguides,[9, 10] optical interference 
filters,[11] as a dielectric in dynamic random access memories (DRAMs),[12]
and in metal-oxide-semiconductor (MOS) devices.[8, 10] Nb2O5 exhibits 
electrochromatic behavior [13] and is used in smart window applications.[14]
Applications in sensors, batteries and fuel cells are based on the ionic 
conductivity of ZrO2.[15] Alloyed ZrO2 is employed for thermal barrier 
coatings.[16] The high refractive index combined with low optical losses 
underline the application potential of ZrO2 in optics, for example for lasers in 
the UV region.[17] Al2O3 is used as a protective coating for optical applications 
as well as for cutting tools due to their high hardness,[18] high temperature 
stability, and as a diffusion barrier against corrosive species, such as O2.[19] 
It is well known that the film properties are affected by their structure. For 
example the dielectric constant of amorphous Ta2O5 films is reported to be in 
the range 22-28, while the of crystalline films values as high as 60 are 
1. Introduction 
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reported.[10] Electrochromatic Nb2O5 films tested for durability showed 
unchanged transmittance of the crystalline films after 1000 coloring-bleaching 
cycles, while the amorphous films could not be colored after 200 cycles.[20] 
The cubic structure of ZrO2 is usually stabilized by MgO, CaO and Y2O3 in 
order to avoid phase transformation at high temperatures which is associated 
by undesirable equilibrium change volume.[21] The synthesis – structure 
relationship plays therefore a key role in the tailoring of materials properties. 
Ngaruiya et al. [22] investigated the structure formation of transition metal 
oxide films deposited by magnetron sputtered metal targets in an Ar / O2
atmosphere onto non-intentionally heated, grounded substrates. While Zr- and 
Hf-based films exhibited crystalline structure, V-, Nb-, Ta-, Mo-, and W-based 
films were amorphous (Fig. 1). For the parameter window studied, Ti was 
observed to form crystalline as well as amorphous films. Neither the 
homologous temperature Th = Tgrowth / Tmelting nor the heat of formation could 
explain the differences in the crystal structure evolution. The authors proposed, 
based on studying the target voltage and film stress data that the flux and the 
energy of the formed energetic particles may be responsible for the structure 
evolution of thin oxide films. No plasma chemistry and energetics data was 
presented in this investigation. 
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Fig. 1. Structure of transition metal oxides deposited onto non- 
intentionally heated substrate [20]. Zr, Hf formed crystalline films, 
while V, Nb, Ta, Mo, and W-based films were amorphous. Ti films 
exhibited both structures. The solid line highlights the border 
between growth of crystalline and amorphous thin films. 
The aim of this work is to contribute towards understanding the synthesis – 
film composition and structure relationship through plasma characterization 
with a mass-energy analyzer. It is envisioned that through studying the plasma 
chemistry and energetics, essential information about the particles 
contributing to thin film growth will be obtained. The state-of-the-art of plasma 
characterization will be reviewed in chapter 4 and the employed experimental 
technique will be described in chapter 5. 
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2. Sputtering 
The process of the removal of surface atoms due to energetic particle 
bombardment caused by collisions between them and the atoms near the 
surface layers of a solid is called physical sputtering 1.[1]
Several technological processes employ the sputtering phenomena, including 
the PVD deposition techniques such as diode and magnetron sputtering, in 
which plasma 2 is the source of the energetic particles.   
The plasma is ignited between a cathode made of the material to be deposited, 
and an anode, typically the chamber, through applying a potential difference 
between them (Fig. 1a). Typical voltages and pressures vary between ~1000-
5000 V and ~200-1000 V,[2] and ~3-20 Pa [3] and ~0.1-3 Pa [2] for diode and 
magnetron sputtering, respectively. Commonly, noble gases such as Ar, He, 
Ne, or Xe are used as a sputtering gas in order to suppress possible chemical 
reactions between them and the sputtered material. On the other hand, when 
chemical reactions are desired, for example in the case of deposition of 
1  A shorter term “sputtering” is often used instead of “physical sputtering”. 
2  The term “plasma” is often used as a synonym for an ionized gas and an electrical 
discharge, although the ionized gas in the positive column of an electrical 
discharge only fulfills the requirements for being plasma.[3] 
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compound films such as oxides or nitrides, corresponding reactive gases are 
added. In the plasma created positive ions are accelerated towards the 
cathode by the potential difference between them (Fig. 1b) and the cathode is 
sputtered.
Fig. 1. (a) A scheme of an electrical discharge and (b) a potential 
distribution in an electrical discharge. 
sputtering 
regime ion mass 
ion 
energy 
collision cascades, 
number of recoil atoms (N) 
single 
knockon 
low mass ions (H2, He) 
middle mass ions 
up to 
lower keV
a few collisions, 
N ~ σ (ion-target atom 
collision cross section) 
linear 
cascade
middle and higher 
mass ions keV 
secondary and higher 
generation of recoils, 
N ~ energy per unit length 
spike higher mass ions higher keV, MeV 
secondary and higher 
generation of recoils, 
N ~ energy per unit volume 
Tab. 1. Different regimes of sputtering, characteristic ion mass, its 
energy and a number of collisions cascade.[1] The boundaries of 
the sputtering regimes are not strictly defined. 
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Physical sputtering described by elastic collisions between the energetic ions 
and the target atoms is also called knockon sputtering. It is convenient do 
distinguish three different regimes depending on the ion mass and its energy 
(Tab. 1).
Sputtering can be generally characterized by a sputtering yield S, a statistical 
value expressing an average number of sputtered particles per incident ion. 
The sputtering yield in the case of magnetron sputtering (single knockon 
regime) can be expressed as:  
( ) 022
4
4
3
U
E
mm
mmS
it
it
+
≅ α
π
, E >> U0, [1] with (1) 
78,0
155,01,0 ⎟⎟
⎠
⎞
⎜⎜
⎝
⎛
+=
i
t
m
m
α , [4] (2) 
where α, mt , mi , E, and U0 are a mass-dependent proportionality factor, the 
mass of the target atom and the incident ion, the ion kinetic energy and the 
surface binding energy 3 of the target atom, respectively. 
A cross section of a magnetron cathode is shown in Fig. 2. Permanent 
magnets located behind the target create a magnetic field which confines the 
electrons near the cathode. The electrons are forced to move along the 
                                                
3  The surface binding energy is usually approximated by the sublimation 
energy of the sputtered material.[1] 
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magnetic field lines and due to their helical trajectory the mean trajectory 
length becomes longer as compared to the trajectory of the non-magnetized 
electrons. Consequently, the ionization probability of the gas increases and 
plasma can be ignited at lower voltages and pressures. Low pressure 
deposition techniques are preferred due to lower scattering of the sputtered 
particles on the gas and therefore their higher incident energies. The influence 
of the particle energy on film growth will be discussed in chapters 4 and 5.
Fig. 2. A cross section of a magnetron cathode consisting of a 
target, a Cu plate and magnets. The magnetic field lines describe 
the present magnetic field. 
In the case of the reactive magnetron sputtering, the absolute value of the 
target potential may increase (or decrease) as the reactive gas (e.g. O2 or N2)
partial pressure is increased. This is generally attributed to a compound 
formation at the target surface and the decrease (or increase) of the ion-
induced secondary electron emission (ISEE) coefficient.[5] Recently, Depla et 
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al. proposed that a compound is formed at the target via a chemical reaction 
between the target atoms and the implanted reactive gas atoms rather than 
the target atoms and the chemisorped gas molecules.[6] 
The dependence of the target potential on the reactive gas partial pressure 4
reflects the target state and the plasma properties and is therefore often used 
as a reference. Generally, the dependence exhibits three modes (Fig. 3a,b): 
[7]
1) a metallic mode 5 – without significant changes of the surface chemistry 
and the plasma properties, and approximately constant 
deposition rate, 
2) a transition mode – transition between the metallic and the compound 
regime characterized by a hysteresis loop, and 
3) a compound mode – with significant changes of the surface chemistry and 
the plasma properties, and lower deposition rate as 
compared to the metallic regime.
                                                
4 The target potential as a function of the reactive gas flow is often presented due to 
simplicity of such a measurement. 
5 When the dependence of the target potential on the reactive gas partial pressure 
is plotted, the metallic mode is not recognized. Reactive gas introduced into the 
chamber in the metallic mode reacts with the sputtered material and its partial 
pressure starts to increase in the transition mode. 
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Fig. 3. (a) A target potential and (b) a mass deposition rate as a function 
of the O2 flow in magnetron sputtered Nb in an Ar / O2 atmosphere.[8] 
The boarders of the metallic, the transition and the compound mode are 
separated by dashed lines. 
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3. Influence of the plasma properties on thin film growth 
As a consequence of various deposition conditions, the thin films exhibit 
different morphology and structure, which subsequently determine their 
properties. The key factors responsible for the above mentioned differences 
seem to be the film constituents, their energy during growth as well as the ion-
to-metal flux ratio Ji /JM 1.
Additionally to the deliberately evaporated or sputtered atoms and/or clusters 
as film constituents, residual gases such as H2, H2O, N2, O2, CO, and CO2
and the sputtering gas may affect thin film growth. Residual gases can react 
with the growing film and undesirable modify its properties through changing 
the chemistry. For example, Schneider et al. [1] showed that the variation of 
elastic modulus of alumina can be correlated with H2 incorporation into the film. 
The sputtering gas may be trapped in the film and reduce its density. Music et 
al. [2] presented a reduction of the elastic modulus of boron suboxide thin 
films as the films’ density decreased, probably due to Ar incorporation. 
The energy of the film constituents during film growth was also shown to be a 
significant deposition parameter.[3,4] Thornton [3] presented a model on the 
1 Ji and JM denote the ion and the metal flux, respectively. 
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microstructure evolution of thin films as a function of the homologous 
temperature Ts / Tm 2  and the pressure during sputtering. Similarly, 
densification and change of the columnar morphology towards a more 
equiaxed structure under ion bombardment was discussed by Greene et al. [4] 
as a function of the ion energy tuned by a negative substrate bias. The 
adatom energy increases as the homologous temperature increases Ts / Tm,
and/or as the substrate bias 3  and the pressure (due to lower scattering) 
decrease. The adatoms with higher energies may diffuse on the surface and 
preferably condense at energetically favorable positions. Consequently, the 
grown films are denser. 
Adibi et al. showed that apart from the ion energy Ei, the ion-to-metal flux ratio 
Ji /JM changes the microstructure as well as the structure of the thin films.[5] 
The authors reported that the increase of the Ei from 20 eV to 85 eV, while 
maintaining the Ji /JM = 1 resulted in the reduction of the film porosity and a 
small change in the texture of Ti0.5Al0.5N, when I002 / (I002 + I111) 4 increased 
from 0 to 0.14. In contrast, maintaining the Ei = 20 eV and increasing the 
Ji /JM from 1 to  5.2 completely changed the film microstructure and texture 
from porous films with (111) preferred orientation to dense films with (002) 
2  Homologous temperature is defined as ratio Ts / Tm, where Ts and Tm are the 
substrate temperature and the melting point of the deposited material, respectively. 
3  The negative substrate bias decreases, i.e. the absolute value of the bias 
increases. 
4  I002 and I111 denote the XRD intensity of the (002) and (111) reflection, respectively.
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preferred orientation, respectively. Based on the results above, the authors 
concluded that the average energy per deposited metal atom 〈Ed〉, defined as 
〈Ed〉 = Ei (Ji /JM), is not a universal parameter for describing film growth. 
Additionally, the authors reported that a 500 nm thick textured underlayer 
deposited with Ei = 20 eV determined the texture of the next layer irrespective 
of the ion-to-metal flux Ji /JM and so pointed out the significance of the 
structure of an underlayer. 
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4. Plasma chemistry and energetics 
The empirical correlations between the external deposition parameters, such 
as partial pressures, the power and the current density, the magnetic field 
strength, the substrate bias, etc…, and thin film growth often result in limited 
contributions towards understanding the underlying mechanisms. The plasma 
chemistry and energetics reflect the elementary plasma processes and 
plasma-surface interactions and may provide a link between the external 
deposition parameters and thin film growth. The plasma chemistry (dominant 
ions, neutrals and ions of the reactive gases, and sputtered species) and 
energetics, and their relations to the external deposition parameters and thin 
film growth are reviewed below.  
4.1 Dominant ions 
The dominant ions observed in sputtering plasmas are the gaseous based 
ions such as Ar +, O2 + / O + or N2 + / N +. They contribute to the measured 
signal 1  of the positive ions up to ~90-99%.[1-4] In the case of a noble 
gas / reactive gas mixture, the contribution of a particular ion does not 
1  The term “signal” will be used further in the text and it will represent a measured 
non-corrected signal. 
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necessarily correspond to its gas partial pressure. As suggested by Coburn et 
al.,[5] species with lower ionization potential (Table 1) may be preferably 
ionized.
Table 1. Ionization potentials of Ar, O2 / O and N2 / N in eV, 
1 eV = 1.602 x 10 -19 J.[6] 
Fig. 1. Relative signals of Ar +, O + and O2 + ions measured in an RF 
magnetron sputtered Ti in an Ar / O2 atmosphere as a function of the 
total pressure.[2] 
The significance of the dominant ions and their bombardment on the structure 
evolution was discussed by Okimura et al.,[2]  and Martin et al.[3] 
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16 Pa
2.67 Pa
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Fig. 2. XRD spectra of TiO2 thin films deposited at different 
pressures. The films deposited at 0.27, 2.67 and 16 Pa exhibited 
rutile, anatase and amorphous structure, respectively.[2] 
Okimura et al.[2] analyzed the plasma chemistry of an RF magnetron 
sputtered Ti in an Ar / O2 atmosphere as a function of the total pressure in the 
range of 0.27-16 Pa. Although the O2 partial pressure (p(O2)) was not directly 
specified, it is assumed to be ≤ 5.7% 2 of the total pressure estimated from the 
Ar and O2 flows of 50 sccm and 3 sccm, respectively. While Ar + ions were the 
dominant ions at 0.27 Pa, O2 + ions were dominant at 16 Pa (Fig. 1), which is 
consistent with the Coburn’s suggestion of preferable ionization of atoms with 
lower ionization potentials. The authors proposed, based on the X-ray 
diffraction patterns of deposited TiO2 films (Fig. 2), a preferable rutile phase 
formation upon mainly Ar + bombardment.  
2  The maximum oxygen partial pressure (p(O2)) is given by the ratio between the O2
flow (q(O2) = 3 sccm) and the total gas flow (q(total) = 53 sccm). However, p(O2) is 
usually lower since part of O2 reacts with the sputtered material. 
4. Plasma chemistry and energetics 
 24
Martin et al.[3] presented a similar study on a DC magnetron sputtered Ti in 
an Ar / O2 atmosphere as a function of the total pressure in the range of 0.15-
1.5 Pa. The p(O2) was kept constant throughout the measurements at 29% of 
the total pressure 3. A transition from an Ar + dominant plasma at 0.15 Pa 
towards O + / O2 + dominant plasma at pressures  0.25 Pa was reported. The 
films deposited at 0.15 Pa consisted of a mixture of rutile (42%) and anatase 
(58%) phase, while the films deposited at pressures  0.25 Pa only showed 
the presence of anatase phase. 
Despite the differences between the DC and the RF plasmas, the tendencies 
observed by Martin et al.[3] are consistent with the work of Okimura et al.[2] 
and suggest that the desired structure of TiO2 films might be influenced by 
alteration of the dominant ions, i.e. the plasma chemistry, through changing 
the total pressure.  
4.2 Neutrals and ions of the reactive gases 
Molecular reactive gases such as N2 and O2 may be present in the plasma as 
atom or molecule. The contributions of the molecular and atomic reactive gas 
3 The authors specified a partial pressure ratio of Ar and O2 to be p(Ar) / p(O2) = 2.5.
However, they did not report if the ratio was measured with or without plasma.
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ions to the all ion populations as well as their ratio were presented by several 
authors for magnetron sputtered Ti in an Ar / reactive gas (N2 and O2)
atmosphere (Table 2).[1-4] However, their relationship to the external 
deposition parameters and the film properties were not discussed. A 
subsequent comparative discussion is complicated due to the different 
deposition parameters used, such as different variables (reactive gas partial 
pressure [1,4], total pressure [2,3]), power supplies (DC [1,3], pulsed DC [4], 
RF [2]), total power dissipated in the plasma (66-300 W), the target-to-MEA 
distance (35-120 mm), etc.
Table 2. The dominant ions in the plasma and the contributions of the 
molecular and atomic reactive gas ions to the all ion populations 
measured as a function of different variables.[1-4] The p(N2) and q(O2)
are the N2 partial pressure and the O2 gas flow, respectively. 
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Table 3. Sticking coefficients αI j of atomic and molecular (i = 1, 2, 
respectively) oxygen on metallic or oxidized (j = 0, 1, respectively)
surface. The bond energy is taken from Ref. [6]. 
Recently, Snyders et al. discussed the effect of the atomic and molecular 
oxygen on the film composition for magnetron sputtered Sn,[7,8] Ti,[9] and Ag 
[10] in an Ar / O2 atmosphere based on a theoretical model including the gas-
surface interactions. The sticking coefficients αi j of the atomic and the 
molecular oxygen (i = 1, 2, respectively) on a metallic and an oxidized surface 
(j = 0, 1, respectively) were the only fitting parameters. Generally, the sticking 
coefficients αi j were higher for metals with higher metal-oxygen bond energy, 
and for the atomic O as compared to the molecular O2 (Table 3). Based on 
these data, it may be assumed that the film composition might be modified 
through adjusting the O-to-O2 ratio in the plasma, i.e. the plasma chemistry. 
The latter was demonstrated by Snyders et al. in RF coil assisted magnetron 
sputtering plasma of Sn in an Ar / O2 atmosphere.[11]  While the O2 gas flow 
was kept constant and the RF coil power increased, the O-to-O2 ratio as well 
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as the oxygen content in the films increased. As suggested by the authors, the 
RF plasma induced O2 dissociation and consequently higher concentration of 
the atomic O in the plasma enabled deposition of close-to-stoichiometric 
SnO1.87 in the transition mode at six times higher deposition rate as compared 
to the film deposited in the compound mode with no RF coil. 
4.3 Sputtered species (ions, neutral and ionic clusters) 
The in the plasma ionized sputtered atoms or clusters contribute to the signal 
of the positive ions up to several %.[1-4] Alike the dominant ions,[5] their 
relatively high signal as compared to the gaseous ion signal may be explained 
by preferable ionization of the sputtered species due to their lower ionization 
potential, usually 4-10 eV.[6] 
The presence of clusters in an RF diode sputtering plasma of metal oxides 
was reported by Coburn.[5] η, defined as η = MO + / (M + + MO +), increased in 
an exponential fashion as a function of the MO bond energy (Fig. 3). This 
behavior of η vs. MO bond energy was confirmed 4 by Hecq et al. [12, 13] for 
4 The originally published data by Hecq et al. [12, 13] were plotted as η’, defined as 
η’ = MO + / M +, as a function of the heat of formation ΔfH (MO) in the gas phase.
Based on the oxidation reaction M(g) + ½ O2 → MO(g), ΔfH (MO) = ½ ΔfH (O) – 
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diode sputtered metal targets in O2 atmosphere. Both reports indicated that 
the flux of MO clusters decreases with increasing pressure which is consistent 
with the concept of collision induced cluster dissociation. These results 
demonstrate that the MO cluster may constitute a significant fraction of the 
sputtered species. 
Fig. 3. η  = MO + / (MO + + O +) as a function of MO bond energy for 
the total pressure of 8.0 Pa.[5, 13] The data from Hecq et al. [13] is 
normalized to η → 1 as the total O2 pressure → 0 Pa. 
The formation of oxide clusters during sputtering was later confirmed 
experimentally by several authors, mainly for sputtered Ti with TiO bond 
energy of 6.9 eV,[14, 3, 9, 4] however, their influence on thin film growth was 
not discussed. Okimura et al.,[2]  who also observed formation of the TiO 
D(M-O), where ΔfH (O) and D(M-O) are the dissociation energy of O2 and the 
metal-oxygen bond energy, respectively. 
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clusters, presented a hypothesis that they may not be suitable for depositions 
of the rutile phase of TiO2 thin films. 
Similarly to the oxide clusters, the presence of the nitride clusters was 
presented by Petrov et al.,[1] and Mahieu et al. [15] in the case of sputtered Ti 
in an Ar / N2 atmosphere. While Petrov et al. [1] reported 5  a 
TiN + / (Ti + + TiN +) ratio as low as ~ 2.5%, Mahieu et al. [15] presented 6 a 
TiN + / (Ti + + TiN +) ratio as high as ~ 83%. The factor 4.5 larger current 
density utilized in Mahieu’s work [15] as compared to Petrov’s report [1] may 
explain the larger amount of sputtered TiN clusters observed. Based on the 
low contribution of the TiN + clusters and no indication of the neutral TiN 
clusters, Petrov et al. [1] concluded that the TiN clusters do not to play a key 
role for thin film growth. Mahieu et al. [15] measured a significantly higher 
signal of TiN + and found no influence on the studied preferential growth of TiN 
thin films. 
While most authors tried to describe the cluster formation based on the 
measurements of the corresponding ions, Petrov et al. [1] attempted to 
observe the neutral clusters directly with a mass spectrometer, however, 
without success. As pointed out by Westwood,[16] care must be taken in the 
5  Petrov et al. reported relative contributions of the Ti +, and TiN + ions to be ~ 2 x 10-
3, and ~ 5 x 10-5,  respectively.[1] 
6  Mahieu et al. presented  the Ti + / TiN + ratio to be as low as ~ 0.2.[15]
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detection method since the clusters may be rather dissociated than ionized in 
the mass spectrometer. 
In order to make more general conclusions with respect to the effect of the 
sputtered species on thin film growth further measurements are necessary.  
4.4 Energetics 
The energy of the bombarding particles is significant for thin film growth as 
discussed in chapter 3. The particle’s energy can be generally written as a 
sum of an initial energy gained from the sputtering process and energy 
acquired through acceleration over a potential difference between the place of 
origin and the substrate: 
( )substrateorigin VVqeEE −+= 0 , (1) 
where E, E0, q, e, Vorigin, and Vsubstrate are the particle energy, the initial particle 
energy, the ion charge state, elementary charge, the potential of the place 
where the neutral particle was ionized, and the substrate potential, 
respectively. 
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4.4.1 Initial particle energy (E0)
The energy of the sputtered species in the linear collision cascade 
approximation (chapter 2) is given by:[17, 18] 
( ) ( ) mUE
E
EN 23
0
−+
∝ , (2) 
where N(E), E, U0, and m are the number of sputtered species with the energy 
E, the energy of the sputtered species, the surface binding energy, and a 
parameter varying between ~ 0 and 0.25 depending on the ions’ energy, 
respectively. Based on (2), the energy distribution function of the sputtered 
species exhibit a maximum at ~ 
)1(2
0
m
U
−
7  and an energy tail ~ E-2. As 
presented by Kadlec et al,[19] the energy of the ions (and neutrals) in the 
energy tail can be influenced by collisions with the gas through increasing the 
pressure or the target-to-substrate distance. 
4.4.2 Energy acquired through acceleration  
4.4.2.1) Substrate potential (Vsubstrate )
The energy of the positive ions acquired through acceleration can be tuned by 
a negative bias potential applied at the substrate, Vsubstrate. 
7 The maximum is independent of the ions’ energy. 
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4.4.2.2) Plasma potential (Vp )
As in the series of articles presented Kusano et al.,[20-24] it can also be 
varied by the plasma potential, Vp, i.e. the potential of the place where neutral 
particles are ionized, Vorigin. The authors discussed the influence of the 
cathode power and the power of an additional RF coil on the plasma potential. 
While the DC plasma exhibited a plasma potential of 1-10 V, the RF plasma 
had about an order of magnitude higher plasma potential of 10-100 V. 
Furthermore, with increasing cathode current or power, and consequently 
increasing the number of sputtered species, the plasma was effectively 
quenched, due to incorporation of the species with lower ionization potential, 
and the plasma potential decreased. 
However, when the plasma potential is a function of time, as for example in 
the case of pulsed DC plasma, characterized by Mišina et al.,[4] the ion 
energy distribution function (EDF) exhibits several peaks (Fig. 4a). The main 
features of the EDF, the low- and the medium-energy peak, and the high-
energy tail were well described by a model. The origin of the peaks and the 
tail was explained by time-resolved MEA measurements, and they 
corresponded to the plasma-on period, the reverse-voltage period and the 
voltage overshoot at the cathode at the beginning of the reverse-voltage 
period (Fig. 4b), respectively. 
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Fig. 4. (a) Time-averaged ion distribution functions measured at 
4 mTorr, 300 W, 50 kHz, and reverse time of 5 μs for different 
reverse voltages Urev. (b) Voltage and current waveforms at 
4 mTorr, 300 W, 20 kHz, and reverse time of 10 μs for Urev = 
0,2.|U|, where U is the cathode voltage.[4] 
Although the plasma energetics has been measured by several authors,[1-
4, 20-27] most of them were concentrated on the particles’ detection, and 
explanation of the particles’ formation and the shape of the EDF. Okimura et 
al. [2] attempted to correlate the mean ions’ energy with the structure 
evolution of the TiO2 thin films. As shown in Fig. 5, the rutile phase is formed 
under bombardment of ion with mean energies of ~ 27-30 eV, while the 
anatase phase grows at lower mean ion energies of ~ 16-21 eV. However, no 
general conclusion could be made, since the total pressure and consequently 
the plasma chemistry (see paragraph 4.1) as well as the self-bias of the 
magnetron cathode was changed. 
(a) (b)
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Fig. 5. The mean ions energy as a function of the self-DC-bias of the 
cathode measured at the total pressure of the Ar / O2 mixture of 0.27 
and 2.67 Pa (2 and 20 mTorr). The formation of amorphous (am), and 
crystalline (rutile (R) and anatase (A) phase) TiO2 thin films is 
highlighted.[2] 
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5. Experimental setup 
A mass-energy analyzer PPM 422 (MEA) (Pfeiffer Vacuum) has been 
employed for the plasma characterization. 
Fig. 1. Experimental setup. 
A schematic drawing of the experimental setup is shown in Fig. 1. The non-
baked high vacuum system consists of a 6-way DN160CF / DN100CF 
reducing cross (~ 11 liters) with DN160CF flanges along the axes of the target 
and the MEA. It was pumped with a combination of a turbomolecular and a 
rotary-vane pump with an effective pumping speed of ~ 100 l/s down to the 
base pressure of < 10-4 Pa. The pressure was measured with Pirani, an ion 
and a capacitance pressure gauge. The MEA was located opposite to the 
target at a distance of 70 mm. The MEA’s orifice with a diameter of 100 µm 
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was directed towards the race-track of the target resulting in a radial 
displacement of 26 mm from the axis of the magnetron cathode. The orifice 
was at floating potential during the measurement due to the deposition of 
isolating films. 
The plasma was ignited with a circular home-made water-cooled magnetron 
cathode with a target diameter of 76 (Nb, Ta, Zr, and Hf) and 90 mm (Al). The 
discharge DC current supplied by the ENI RPG-100E (MKS Instruments) 
power supply was kept constant at 900, 300, 900, and 500 mA equivalent to 
the current density of 20.0, 6.6, 20.0, and 11.0 mA/cm2, for the Nb, Ta, Zr, and 
Hf target, respectively. For the Al target, the pulsed DC current with a 
frequency of 50 kHz and duty cycle of 90% was kept constant at 900 mA, 
equivalent to the current density of 14.1 mA/cm2. The total pressure of the 
Ar / O2 atmosphere was kept constant at 0.8 Pa, while the O2 partial pressure 
(p(O2)) was varied from 0 Pa up to 0.53 Pa for the Nb-plasma, up to 0.18 Pa 
for the Ta-, Zr- and Hf-plasmas, and up to 0.16 Pa for the Al-plasma, 
respectively. The particles’ mean free path determined by the total pressure 
was estimated to be ~ 14 mm 1 , and therefore collisions of the sputtered 
particles with gas are expected. 
1  The mean free path λ is estimated using the equations: σλ n
1
2
1= ,
kT
p
n = , and 
2.dπσ = , where n, σ, p, k, T und d is the particle density, the collision cross-
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5.1 Mass-energy analyzer 
The mass-energy analyzer PPM 422 (MEA) (Pfeiffer Vacuum) is a compact 
device combining a mass spectrometer with an energy filter. It is used for 
plasma chemistry (neutrals, positive and negative ions) and plasma energetics 
(particles’ energies) measurements. It consists of: 
1) an extraction orifice, 
2) an ion formation room with an yttria coated iridium filament (Y2O3 / Ir), 
which serves as an ion transfer optic system for ion measurements, 
3) a cylindrical mirror type of an energy analyzer (CMA), 
4) a quadrupole mass filter (QMF), 
5) a secondary electron multiplier (SEM), and 
6) an ion counter, 
as shown in Fig. 2.  
The MEA is differentially pumped by a combination of a turbomolecular and a 
membrane pump. The pressure during the measurement is kept < 1.10 -3 Pa 
(usually < 1.10 -4 Pa) in order to prevent the collisions of the analyzed species 
with the residual gas, as well as to protect the filament and the SEM against 
burnout. 
section, the total pressure, Boltzmann constant k = 1.38 x 10-23 J.K-1, the absolute 
temperature and the particle diameter, respectively. A temperature of 50°C and a 
particle diameter of 3 x 10-10 m were assumed in the calculation.[1] 
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Fig. 2. Mass-energy analyzer: 1 extraction orifice, 2 ion formation 
room with an oxide coated iridium filament / ion transfer optic system, 
3 cylindrical mirror analyzer (CMA), 4 quadrupole mass filter (QMF) 
and 5 secondary electron multiplier (SEM). 
5.1.1 Extraction orifice 
An extraction orifice with a diameter of 100 µm is used for plasma sampling. 
Its vacuum conductivity sufficiently keeps the pressure in the MEA below the 
above mentioned critical pressure during the measurement and enables 
measurements up to the process pressure of 5 Pa. A bias potential can be 
applied to the extraction orifice. However, it will be at floating potential when 
isolating films are deposited. 
5.1.2 Ion formation room 
The sampled neutrals are ionized upon entry into the MEA in the ion formation 
room through electron impact ionization. A resistively heated yttria coated 
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iridium filament (Y2O3 / Ir) serves as a source of thermal electrons, which are 
subsequently accelerated over an adjustable potential difference. In this way, 
electrons with a kinetic energy in the range of 0-125 eV can be produced. 
Typically, electrons with energy of 70 eV are used for post-ionizing the 
neutrals. In the ion detection mode, the ion formation room assists as an ion 
transfer optic system. 
5.1.3 Cylindrical mirror (energy) analyzer (CMA) 
A CMA consists of two coaxial cylinders, “mirror” and “center”, as shown in 
Fig. 3. The transmission of ions is based on a deflection of ions’ trajectory by 
voltages Umirror and Ucenter applied to cylinders, respectively. The transmission 
was described theoretically by Sar-El,[2] who showed that only ions fulfilling 
the following condition will pass through the CMA: 
a
b
UUqe
ontransmissiE
K
centermirror
k ln
)(
0 −= , (1) 
where K0 = 1,3098, and Ek (transmission), q, e, ⎪Umirror – Ucenter⎪, a and b are 
the kinetic energy of the ion, the ion charge state, elementary charge, the 
potential difference between the cylinders, and the radii of the “center” and 
“mirror” cylinders, respectively. 
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Fig. 3. Cylindrical mirror analyzer (CMA): 1 “center” cylinder with a radius 
a, 2 “mirror” cylinder with a radius b, 3 trajectory of an ion. 
Fig. 4. The initial kinetic energy of a particle, Einitial, is plotted on the x-axis, 
while its potential energy with respect to ground, (qe(Vplasma – Vgraound)), is 
plotted on the y-axis. The inclined line represents the total energy of the 
particle. The particle is accelerated or decelerated to the transmission energy 
Ek (transmission) (x’-axis) through changing its potential energy qe(VCMA –
 Vground ) (y’-axis) by the potential of the CMA. The scanning potential Vscanning
defined as Ek (transmission) = qe(Vscanning – Vground ) (y’’-axis) represents the 
total energy of the particle per its charge state. 
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The relative resolution R0 of an energy filter is defined as: 
k
k
E
E
R
Δ=0 ,  (2) 
where ΔEk and Ek are the absolute resolution (full width at half maximum of a  
measured peak) and the kinetic energy of the passing particle, respectively. 
R0 was shown to depend only on the dimensions of an energy filter.[3] Hence, 
it is constant for an energy filter with given dimensions and consequently 
peaks at higher energies are broader.  
In order to keep the absolute resolution and the peak broadness independent 
of the ion energy, a concept of total ion energy in an electric field is introduced 
(Fig. 4).[4] The total energy is defined as a sum of the kinetic energy and the 
potential energy with respect to ground: 
( )groundplasmainitialtotal VVqeEE −+= ,  (3) 
where Einitial, q, e, Vplasma and Vground are the initial kinetic energy of the ion, its 
charge state, elementary charge, the plasma and the ground potential, 
respectively. The ions are accelerated or decelerated to transmission kinetic 
energy Ek (transmission) (Eq. 1) through changing their potential energy 
qe(VCMA – Vground ) by the potential of the CMA. The scanning potential Vscanning,
defined as Ek (transmission) = qe(Vscanning – VCMA), represents the total energy 
of the particle per charge state. 
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5.1.4 Quadrupole mass filter (QMF) 
A QMF [5] consists of 4 parallel hyperbolical 2  Mo or stainless steel rod 
electrodes as shown in Fig. 5. A quadrupole electric field: 
2
0
22
0
.2 r
yx −Φ=Φ ,  (4) 
where Φ0, r0, x and y are the absolute potential of the electrode, the radius of 
the quadrupole electric field, and the coordinates along the x- and y-axis, 
respectively, is created by a DC potential U applied to the electrodes, while 
adjacent electrodes are oppositely charged. An RF potential, -V.cos ωt, with ω
= 2π f, where V and f are the amplitude and the frequency of the RF potential, 
respectively, is additionally superimposed to the electrodes. 
Mathematically,[5] the trajectory of an ion can be described by the equations 
of motion: 
( ) 0cos.2
0
=−⎟⎟
⎠
⎞
⎜
⎜
⎝
⎛+ xtVU
mr
qe
x ωDD , (5) 
( ) 0cos.2
0
=−⎟⎟
⎠
⎞
⎜
⎜
⎝
⎛− ytVU
mr
qe
y ωDD , (6) 
                                                
2 Hyperbolical rods are usually replaced by cylindrical rods due to their simpler 
production. An optimal radius r of the cylindrical rods is r = 1.148.r0, where r0 is the 
radius of the quadrupole field. 
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Fig. 5. Quadrupole mass filter (QMF). 
where q, e, and m are the ion charge state, elementary charge, and the ion 
mass. By defining: 
2
0
2
4
rm
eU
aa yx ω=−= , (7) 
2
0
2
2
rm
eV
qq yx ω=−= , (8) 
2
tωξ = , (9) 
both equations can be transformed into an equation in the same form: 
( ) 02cos2
2
2
=−+ uqa
d
ud
uu ξξ , (10) 
where u represents either x or y. A rather complicated mathematical solution 
can be understood from a so called a-q stability diagram (Fig. 6a).  
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The QMF works in the first stability region close to the point with the 
coordinates a = 0,23699, q = 0,70600 as shown in Fig. 6b. By defining an 
operating line a/q = constant (equal to 2U/V), the resolution of the filter, Δm, is 
defined 3. A mass spectrum is measured by scanning the amplitudes U and V,
while keeping their ratio constant. The mass spectrum is plotted as a function 
of the mass-to-charge ratio. 
(a)      (b) 
Fig. 6(a). a-q stability diagram. The filled areas represent (a,q) regions for x-
or y-direction in which the trajectory of an ion is stable. For other (a,q)
regions, the trajectory of an ion is unstable and ion will recombine at the 
electrode or at the wall of the QMF.[5] 
Fig. 6(b). a-q stability diagram. A detail of the first stability region, 
a ∈ (0; 0,24), q ∈ (0; 0,90) with an operating line a/q = const. = 2U/V.[5] 
                                                
3  Only the ions with the range (m, m+Δm) corresponding to a Δa,Δq window will 
have stable trajectories. 
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6. Results and discussion 
In this chapter, the plasma chemistry and energetics data of magnetron 
sputtered Nb, Ta, Zr, and Hf in an Ar / O2 atmosphere and its influence on the 
thin film composition and structure evolution is discussed as a function of the 
O2 partial pressure (p(O2)). Furthermore, the origin of the O
 – ion energy 
distribution function during reactive pulsed DC magnetron sputtering of 
alumina thin films is analyzed. 
6.1 Influence of the plasma chemistry on the composition of ZrOx and 
NbOx thin films 
The effect of the plasma chemistry on thin film composition is discussed as a 
function of the p(O2) based on the mass spectra of the positive and negative 
ions measured at the most probable energy of the dominant ions. The relative 
ion fractions, ni, were estimated using the equation: 
∑
=
n
n
i
i I
I
n , (1) 
where Ii , and ∑
n
nI are the peak intensity of a particular ion and the sum of the 
peak intensities of the observed ions, respectively. The mass spectra were
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Fig. 1. (a) Target voltage as a function of the 
O2 gas flow (Φ(O2)) with indicated thin film 
composition [1], and (b) the positive and (c) 
negative ions’ relative signals as a function of 
the O2 partial pressure (p(O2)) in the case of 
magnetron sputtered Zr. The dashed line 
highlights the transition mode / compound 
mode (TM / CM), oxygen deficient / close-to-
stoichiometric films and Ar + / O + (O -) border. 
All borders overlap. 
Fig. 2. (a) Target voltage as a function of the 
O2 gas flow (Φ(O2)) with indicated thin film 
composition [2], and (b) the positive and (c) 
negative ions’ relative signals as a function of 
the O2 partial pressure (p(O2)) in the case of 
magnetron sputtered Nb. The dashed lines 
highlight the transition mode / compound 
mode (TM / CM), oxygen deficient / close-to-
stoichiometric films and Ar + / O + (O -) borders. 
The oxygen deficient / close-to-stoichiometric 
films overlaps with the Ar + / O + (O -) border, 
however, it does not with the TM / CM border.
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neither corrected for the sampling performance of the mass-energy analyzer 
(MEA) nor for the transmission of the quadrupole mass filter (QMF).
The target voltage dependence on the O2 gas flow (Φ(O2)) will be used as a 
reference for further discussion. The target voltage versus Φ(O2) for Zr [1] and 
Nb [2] are presented in Fig. 1(a) and Fig. 2(a), respectively. In the figures, the 
transition mode (TM)1 and the compound mode (CM) can be recognized. The 
border between them is highlighted by a dashed line. The previously reported 
thin film composition data measured by RBS [1,2] are specified under the 
graphs. The relative signals of the dominant positive and negative ions are 
presented in Fig. 1(b), (c), and Fig. 2(b), (c) for the Zr and Nb target, 
respectively. From the relative signal of the dominant ions, two deposition 
modes can be recognized: an Ar + and an O + / O – dominant mode, defined as 
+Arn > in , and −+ OOn / > in , where in is an ion fraction of an arbitrary ion, 
respectively. The border between the modes is highlighted by a dashed line. 
The film composition may be correlated with the internal (plasma species) and 
the external (target voltage) deposition parameters in the following way. While 
the oxygen deficient films were deposited in the Ar + dominant mode, the 
1  The metallic mode (MM) and the transition mode (TM) introduced in chapter 2 will 
be further referred to as the transition mode (TM) due to not precisely defined 
boundary between them. 
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close-to-stoichiometric ZrO2.1 and Nb2O4.7 thin films were deposited in the 
O + / O – dominant mode. The high signals of O + and O – may indicate 
relatively high density of neutral O which may in turn significantly contribute to 
the thin film oxidation. This is consistent with the work of Snyders et al.,[3-5] 
who reported higher sticking coefficients of atomic O as compared to 
molecular O2.
While the oxygen deficient zirconia films / ZrO2.1 border corresponded to the  
TM / CM border, the oxygen deficient niobia films / Nb2O4.7 border was found 
to be at a considerably lower p(O2) than the TM / CM border. The deposition 
of close-to-stoichiometric Nb2O4.7 films in the TM at a considerably higher 
deposition rate as compared to the CM may be a direct consequence of a high 
atomic O density at lower p(O2). Furthermore, the data shows the possibility to 
decouple the oxidation at the target, which is reflected in the TM / CM 
boundary, and the oxidation at the substrate, which affects the film 
composition. Hence, the deposition rate of close-to-stoichiometric oxides can 
be considerably increased while operating the target in the TM. 
Higher power input into the Nb-Ar-O2 plasma compared to the Zr-Ar-O2
plasma by a factor of 1.5-1.9 may substantially contribute to higher 
dissociation of O2 in the Nb-Ar-O2 plasma. Previously, experimental evidence 
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for decoupling of oxidation at the target and the substrate was presented by 
Snyders et al.[6] The authors increased the deposition rate of the close-to-
stoichiometric SnO1.87 films deposited by magnetron sputtered Sn in Ar / O2
atmosphere by a factor of 6 by using an additional RF coil. It was proposed 
that the RF-coil-induced O2 dissociation and oxidation via atomic O was 
responsible for the substrate oxidation enhancement at lower Φ(O2) in the TM, 
which is consistent with this work. 
Recombination 2  of atomic O at the chamber walls may be an additional 
significant factor for the degree of dissociation, defined as O / (O + O2), 
however, its effect can not be estimated at this point due to lack of the surface 
recombination data, γrec.
6.2 Influence of the negative oxygen ions on the structure evolution of 
transition metal oxide thin films 
An impact of the negative oxygen ions on the structure evolution of transition 
metal oxide thin films is discussed based on the ion energy distribution 
2 Only surface recombination of atomic O is assumed. Tree-body collisions required 
for volume recombination are not likely due to relatively low pressures in 
magnetron sputtering plasmas (~ up to 3 Pa) and consequently low collision 
probability. 
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functions (EDFs) of atomic O –. Similarly to chapter 6.1., the energy spectra 
were not corrected for the sampling performance of the mass-energy analyzer 
(MEA).
Fig. 3. The target potentials as a function of the O2 partial pressure 
(p(O2)) for the Nb, Ta, Zr, and Hf targets, respectively. The arrows 
highlight the p(O2) at which the energy distribution functions of O – ions 
were measured. Notice the different p(O2) scale for the Nb target.  
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The target potential dependence on the O2 partial pressure (p(O2)) for Nb-, 
Ta-, Zr-, and Hf-plasmas, shown in Fig. 3, will be used as a reference for 
further discussion. The arrows mark the p(O2) values at which the EDFs of O
 –
ions were measured. 
The absolute value of the target potential increases up to ~ -450 V for the Nb 
and Ta target and up to ~ -250 V for the Zr and Hf target, respectively, as the 
p(O2) is increased 
3 (Fig. 3). As already briefly mentioned in chapter 1, O –
ions may be generated and that those with energies corresponding to the 
target potential of Nb and Ta may be responsible for the amorphous structure 
evolution of Nb2O5 and Ta2O5 via damaging the crystalline structure. 
Furthermore, Ngaruiya et al. [7] suggested, that Zr and Hf, on the other hand, 
give rise to the formation of O – ions with moderate energies originating from 
the acceleration by 0.56 of the previously discussed target potentials of the 
Nb- and Ta-plasmas, which may enhance the formation of a crystalline 
structure via increasing the surface adatom mobility. 
The EDFs of the O – ions for the magnetron sputtered Nb, Ta, Zr, and Hf 
targets in an Ar / O2 atmosphere vs. p(O2) are presented in Fig. 4, 5, 6, and 7, 
3  This is generally attributed to a compound formation at the target surface and a 
decrease of the ion-induced secondary electron emission (ISEE) coefficient. This 
subject is briefly discussed in chapter 4. 
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respectively. Low intensity signals measured at p(O2) = 0 Pa corresponded to 
the residual oxygen-based species. As the p(O2) increases, the formation of 
two ion populations is observed in the Nb- and Ta-plasma, which will be 
referred to as low and high energy ions, respectively. Three ion populations 
are detected in the Zr- and Hf- plasma, where the additional ion population, 
which energy approximately corresponds to half of the target potential, will be 
referred to as medium energy ions. While the low energy O – ions in the Zr- 
and Hf-plasma have approximately the same intensities as in the Nb- and Ta-
plasma, the intensities of the high energy O – ions are up to a factor of 1000 
higher in the Zr- and Hf-plasma. Additionally, the formation of medium energy 
O – ions is only observed in the Zr- and Hf-plasma. 
The origin of the different ion populations may be as follows. The low energy 
ions may be formed in the cathode sheath via dissociative electron 
attachment: e + O2 → O + O –, and subsequent acceleration of the O – ion by a 
fraction of the target potential. As suggested by Tominaga et al. [8, 9] and 
Zeuner et al.,[10] the high energy ions may be ions sputtered from the target 
surface and be accelerated by the full target potential. The medium energy 
ions may be generated by a spontaneous or collision induced dissociation of 
O2
 – accelerated by the full target potential, as pointed out by Zeuner et al.[10] 
The energy of the O2
 – will then be equally shared (based on the mass ratio) 
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between the O atom and the O – ions, and the O – ion will be detected at the 
energy which corresponds to half of the target potential. Additionally to the low 
and medium energy O – ions, the same fluxes of low and medium O neutrals 
are assumed to form through the dissociation. 
Furthermore, the EDF of the O + ions in the Nb- and Zr-plasma were 
measured (Fig. 8), in order to check if the high energy O + ions may contribute 
to the different structure evolution. The low energy O + ions with energies up to 
~ 120 eV were observed in the Nb-plasma (Fig. 8a), while the low energy O +
ions with energies corresponding to the plasma potential, and a low signal of 
the medium energy O + ions were detected in the Zr-plasma (Fig. 8b). No high 
energy O + ions were observed in the Nb- and Zr-plasma.
Fig. 8. Energy distribution functions (EDFs) of O + ions measured in the 
(a) Nb- and (b) Zr-plasma at the O2 partial pressure (p(O2)) of 0.53 and 
0.18 Pa, respectively. The insert in Zr-plasma represent the low energy 
O + ions originating from the plasma. 
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Lee et al.[11] suggest that electron impact ionization of O neutrals is due to 
the higher threshold for dissociative ionization of O2 the dominant ionization 
mechanism of O neutrals. The low energy ions observed in the Nb-plasma are 
assumed to be the sputtered O neutrals subsequently ionized in the plasma, 
while the lack thereof in the Zr-plasma may indicate that atomic O is 
predominantly sputtered as O – ions from the target surface. This is consistent 
with the high signal of the high energy O – ions observed in the Zr-plasma 
(Fig. 6), but not in the Nb-plasma (Fig. 4). Furthermore, the low signal of the 
medium energy O + ions agrees with the suggestion of the presence of 
medium energy O neutrals in the Zr-plasma. 
Based on the concept of particle bombardment induced adatom mobility 
enhancement, it is reasonable to assume that the evolution of crystalline ZrO2
and HfO2 thin films may be explained by the presence of the medium and the 
high energy O – ions, and the medium energy O neutrals in the Zr- and Hf-
plasma, while the lack thereof or their considerably lower flux in the Nb- and 
Ta-plasma may result in the formation of amorphous Nb2O5 and Ta2O5 thin 
films. Based on the here presented O + EDF, it may be suggested that the O +
ions may not play a key role for structure formation of the transition metal 
oxide thin films because on their lower energies as well as intensities as 
compared to the O – ions. 
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6.2.1 Theoretical energy distribution function (EDF) for high and medium 
energy O - ions
In order to estimate to what extend the structure evolution is influenced by the 
medium and the high energy O – ions, and the medium energy O neutrals, the 
EDF needs to be studied. 
The most probable energy of the high energy O – ions presented by Zeuner et 
al.[10] exactly corresponds to the target potential, while Mišina et al.[12] 
reported that it does not precisely match to the target potential based on their 
model of convoluted Gaussian distribution functions. As can be seen in Figs. 6 
and 7, the most probable energies of the high and the medium energy O – ions 
in the Zr- and Hf-plasma do not exactly correspond to the target potential and 
half of the target potential, respectively, which is consistent with the data of 
Mišina et al.[12] 
Based on the assumption that the O – ions are sputtered from the target 
surface and their individual energy distribution functions (EDFs) are given by 
Eq. 1 (Fig. 9a):[13] 
( ) ( )30~ UE
E
Ef + ,  (1) 
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where E and U0 are the energy of the sputtered particle and the surface 
binding energy, respectively, an EDF for the high and the medium energy O –
ions is calculated.
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Fig. 9. (a) Energy distribution function (EDF) of sputtered particles 
with an assumed surface binding energy of U0 = 12 eV. (b) A shifted 
EDF of sputtered particle with the same surface binding energy and 
energy offset of E0 = 20 eV. Notice that the energy offset is defined as 
E0 = qe(Vtarget – Vground ), where q, e, Vtarget, and Vground, are the 
particle charge state, elementary charge, the target and the ground 
potential, respectively. 
Since the sputtered particels are accelerated from the surface by the target 
potential Vtarget , the EDF is offset by an energy E0 = qe(Vtarget – Vground ), where 
q, e, Vtarget , and Vground are the charge state, elementary charge, the target 
and the ground potential, respectively, (Fig. 9b): 
( ) ( )[ ] 300
0~
UEE
EE
Ef
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−
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When the target potential fluctuates during deposition, as in the work of Mišina 
et al.[12] where mid-frequency AC power was employed, the sputtered 
particles acquire a variable energy E0. The EDF of a set of sputtered particles 
accelerated by a fluctuating target potential can then be calculated as a sum 
of individual EDFs (Eq. 2) modulated by a probability function of the target 
potential g(E0) corresponding to the energy of E0 gained by acceleration. 
Furthermore, since g(E0) is expected to be a continuous function the 
summation can be replaced by integration. 
( ) ( )( ) ( )[ ]∫ +−
−E
E
dE
UEE
EE
EgEf
min
03
00
0
0~   (3) 
Integration is carried out in the boundaries Emin to E, where the energy Emin
corresponds to the minimal assumed absolute value of the target potential. 
In order to estimate the g(E0) for our measurements, the DC target potential 
was measured with an oscilloscope and was described by a Gaussian 
distribution function with a mean energy, Emean , corresponding to the target 
potential, Vtarget , and a standard deviation, σ (Fig. 10). An EDF of a set of 
sputtered particles accelerated by a target potential given by a Gaussian 
distribution function is then equal to: 
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Fig. 10. (a) DC (quasi-DC) target potential versus time and (b) a fitted 
Gaussian distribution of the target potential versus time characteristic 
for sputtered Hf at O2 partial pressure (p(O2)) of 0.12 Pa. The mean 
target potential and the associated standard deviation were estimated 
to be -240.6 V and 6.1 V, respectively. 
The integral can be calculated numerically when the surface binding energy 
U0 is known, which is generally approximated by the heat of sublimation.[13] 
This may be an adequate approximation for a single-element target, since the 
final state after removing an atom from the surface is equivalent to sublimation. 
However, sublimation of an oxide corresponds to removing an oxide molecule 
rather than a single O atom. Hence, it is suggested that sputtering of an O 
atom from an oxidized target may be better described by the heat of formation. 
The EDF of O – ions measured in the compound mode of the Zr- and Hf- 
plasma at p(O2) = 0.12 Pa are shown in Fig. 11. The high and the medium 
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energy peaks are represented well by the calculated EDF of sputtered and 
subsequently accelerated O – and O2
 – ions (dissociated into O and O -), with 
U0 = ΔfH (ZrO2) = 11.2 eV and U0 = ΔfH (HfO2) = 11.8 eV,[14] respectively. 
The measured target potential of -251.6 V and -246.4 V, and the associated 
standard deviation of 6.3 V and 6.1 V for the Zr and Hf target were employed 
for the calculation, respectively. The long tails of suggested EDFs do not 
describe the measured curve well. This may be due to not fully developed 
collision cascades in the target during sputtering, as pointed out by 
Dembrowski et al.[15] 
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Fig. 11. Energy distribution functions (EDF) of O – ions measured in the (a) 
Zr-Ar-O2 and (b) Hf-Ar-O2 plasma at the O2 partial pressure (p(O2)) of 
0.12 Pa (solid line). The dotted EDFs represent theoretical distributions of 
sputtered O - and O2
 - ions subsequently accelerated by the target 
potential. The theoretical distribution functions were calculated with the 
surface binding energy approximated by the heat of formation. Heat of 
formation, the target potential, and the associated standard deviation used 
for the calculation were 11.2 eV, -251.6 V, and 6.3 V, and 11.8 eV, -
246.4 V, and 6.1 V for the Zr and Hf target, respectively. 
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6.3 The origin of the O – ion energy distribution function during reactive 
pulsed DC magnetron sputtering of alumina thin films 
The origin of the O – ion energy distribution function (EDF) for pulsed DC 
reactive magnetron sputtered alumina thin films was investigated. The target 
surface was covered with an oxide layer. The presence of low, medium, and 
high energy O – ions is reported and their origin is discussed. 
The EDF of O – ions is shown in Fig. 12a. Three major ion populations can be 
observed: low (from 40 to 120 eV), medium (from 80 to 220 eV), and high 
energy (from 240 to 340 eV) O – ions. 
Fig. 12. (a) An energy distribution 
function (EDF) of O – ions in 
magnetron sputtered Al in an Ar / O2
atmosphere at the oxygen partial 
pressure of 0.07 Pa corresponding to 
a target covered with an oxide layer. 
(b) A theoretical distribution function 
of sputtered accelerated O – ions. The 
distribution does not fit the measured 
EDF well. (c) A target potential 
distribution function corresponding to 
a distribution function of the 
accelerated O – ions originating from 
(or close to) the target surface. The 
distribution fits the measured EDF 
well. (d)  Time-dependence of the 
target potential with the frequency 
and the duty cycle of 50 kHz and 90%, 
respectively.
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The high energy ions may be sputtered from the target surface and be 
accelerated by the full target potential.[8, 12, 16] The EDF given by Eq. 4 can 
be in the case of a pulsed DC plasma modified to: 
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where E, q, e, U(t), and U0 are the energy of the sputtered particle, the particle 
charge state, elementary charge, the time-dependent target potential and the 
surface binding energy, respectively, and the integration is carried out over the 
pulse.
From the comparison between the theoretical and the measured distribution 
functions (Fig. 12b), is can be concluded that the theoretical distribution does 
not describe the measured distribution well and that the notion of sputtered O –
ions is not consistent with the measured data. Since the energy of the high 
energy O – ions (Fig. 12a) corresponds to the target potential of the negative 
half cycle (Fig. 12d), it is reasonable to assume that the O – ions are 
accelerated by the target potential. The energy of these ions appears to be 
exclusively determined by the target potential distribution function: 
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where Ei, Ui, q, e, Umin, Umax, U(t), and ΔU are the energy acquired by 
acceleration, target potential corresponding to the energy Ei, the ion charge 
state, elementary charge, minimal and maximal absolute value of the target 
potential, time-dependent target potential, and a step size of 5 V used to 
divide the voltage range maxmin ,UU  into a discrete number of intervals. 
As can be seen in Fig. 12c, the target potential distribution function (Eq. 6) 
corresponding to the U(t) (Fig. 12d) is consistent with the high energy range of 
the EDF. Hence, it is proposed that O – ions are generated at the cathode 
surface through desorption of O – or O followed by subsequent electron 
attachment. 
It may be speculated that negative ions formation by desorption my also be 
relevant for other electronegative species that may form at the target during 
sputtering. The EDF is hence defined by the voltage-time- characteristic of the 
pulsed DC generator used. One of the implications of this is therefore that 
different pulsed DC generators with different voltage-time-characteristics 
result in different EDFs of the electronegative species. In the thin film growth 
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literature, experiments are often compared at similar average voltages of 
power densities. These results indicate that this strategy may be of limited use 
since the voltage-time-characteristic determines the EDF. 
Analog discussion can be made for the medium energy O – ions. According to 
Zeuner et al. [10], the dissociation of O2
 – and AlOx
 – clusters may be expected. 
Good agreement between the measured EDF and the theoretical distribution 
function (Eq. 5) is achieved (Fig. 13) based on the notion of sputtered AlO –
and AlO2
 – clusters, their acceleration over the cathode fall and subsequent 
dissociation. The surface binding energy was assumed to be U0 = 8.6 eV (an 
average value of the heat of formation of α- (17.37 eV) and γ-alumina 
(17.17 eV) per Al atom at temperature of 298.15 K).[17] 
Low energy ions may be formed via dissociative electron attachment: 
e + O2 → O + O -, and subsequent acceleration of the O – ions by a fraction of 
the target potential. It is reasonable to assume that this mechanism is 
primarily responsible for the low energy (40-120 eV) population.
6. Results and discussion 
 71
0 100 200 300 400 500
10
100
1000
1E4
1E5
1E6
 measaured
 theoretical
         distribution
Al    + O
AlO + O
AlO
AlO2
co
un
t r
at
e 
(c
ps
)
energy (eV)
Fig. 13. A measured and a theoretical distribution function based on the 
assumption of sputtered and subsequently dissociated AlO – and AlO2 –
clusters. The surface binding energy of 8.6 eV was employed for the 
calculation (an average value of the heat of formation of α-alumina 
(17.37 eV) and γ-alumina (17.17 eV) per Al atom).[17] 
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7. Summary and future work 
This chapter provides a short summary and some suggestions for future work. 
7.1 Influence of the plasma chemistry and energetics on the thin film 
composition and structure evolution 
Magnetron sputtering is a technique often employed for depositions of thin 
films. However, the influence of the deposition conditions on the film 
properties is still an active research area. Plasma chemistry and energetics 
data may contribute towards better understanding the plasma-surface 
interactions and thin film growth, and so enable tailoring of materials 
properties. 
In this work, 
a) the plasma chemistry of magnetron sputtered Zr and Nb, 
b) the plasma energetics of magnetron sputtered Nb, Ta, Zr, and Hf, and 
c) the plasma energetics of magnetron sputtered Al 
were measured in an Ar / O2 atmosphere as a function of the O2 partial 
pressure (p(O2)), and their influence on the film composition and the structure 
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evolution was studied. Furthermore, the origin of the detected energetic O –
ions was discussed. 
7.1.1 Plasma chemistry of sputtered Zr and Nb 
The plasma chemistry of magnetron sputtered Zr and Nb in an Ar / O2
atmosphere has been measured as a function of the O2 partial pressure. The 
composition of films deposited onto grounded non-intentionally heated 
substrates can be understood based on plasma chemistry measurements. 
While oxygen deficient films were deposited in the Ar + dominant mode, the 
close-to-stoichiometric films were deposited in the O + (O -) dominant mode, in 
which a high neutral atomic O density may significantly contributed to film 
oxidation. The notion of efficient O2 dissociation due to higher energy input is 
consistent with the deposition of close-to-stoichiometric Nb2O4.7 films in the 
transition mode. 
7.1.2 Plasma energetics of sputtered Nb, Ta, Zr, and Hf 
The ion energy distribution functions (EDF) of O – ions for sputtered Nb, Ta, Zr, 
and Hf in an Ar / O2 atmosphere were measured as a function of the O2 partial 
pressure (p(O2)). Three ion populations are identified, referred to as low, 
medium, and high energy ions. The low energy ions may be formed via 
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dissociative electron attachment of oxygen in the cathode sheath and 
acceleration of O – by a fraction of the target potential. The medium and the 
high energy ions with energies corresponding to half of the target potential 
and the target potential, respectively, may be sputtered from the target as O2 –
and O –, and accelerated over the cathode sheath. The O2 – ions may 
subsequently dissociate into O and O –, sharing the kinetic energy equally 
between the O and O –. Hence, O – ions are detected at an energy 
corresponding to acceleration by half of the target potential. A theoretical EDF 
calculated based on sputtering theory was compared to the measurements. A 
good agreement was observed. Furthermore, based on correlating the 
measured ion energy distribution with previously published phase stability 
data, it was proposed that the evolution of the crystalline structure of ZrO2 and 
HfO2 thin films may depend on O – ion bombardment induced adatom mobility 
enhancement. 
7.1.3 Plasma energetics of sputtered Al
The energy distribution function of O – ions for sputtered Al in an Ar / O2
atmosphere has been measured, while the target was covered with an oxide 
layer. Three ion populations were identified: low, medium and high energy O –
ions. Based on comparing the measured and calculated energy distribution 
functions for pulsed DC plasma it was shown that the high energy O – ions are 
7. Summary and future work 
 78
not sputtered and it was suggested that they may be generated at the cathode 
surface through desorption of O – or O followed by electron attachment and 
subsequent acceleration over the cathode fall. Furthermore, it was suggested 
that the medium energy O – ions may be formed through sputtering of AlO –
and AlO2 – clusters, their acceleration over the cathode fall and subsequent 
dissociation. Based on the here presented data the origin of the high and the 
medium energy O – ions in magnetron sputtered alumina films can be 
understood. 
The here presented results indicate the significance of the plasma chemistry 
and energetics for the composition and the structure evolution of thin films, are 
therefore essential for tailoring materials properties. 
7.2 Future work 
Several questions, some of them motivated by the here presented results, 
were raised during this work. 
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7.2.1 Plasma chemistry 
Plasma chemistry was shown to strongly affect the oxidation processes at the 
target and the substrate. Therefore, the ionization and recombination 
mechanisms in the plasma which determine the dominant ion population as 
well as the atomic-to-molecular ion populations’ ratio (for example O-to-O2) of 
the reactive gas would be of interest. The external deposition parameters such 
as the total pressure, the reactive-to-noble gas pressure ratio, the dissipated 
power in the plasma and/or the internal deposition parameters such as the 
electron temperature or the recombination coefficient of the reactive gas 
atoms on the chamber walls may be assumed to be possible variables. 
Subsequently, the relation between the thin film composition and the 
ionization and recombination mechanisms in the plasma can be studied. 
7.2.2 Plasma energetics 
Based on the concept of bombardment induced enhancement of the surface 
adatom mobility, it was proposed that the formation of high and medium 
energy O – ions in magnetron sputtered Zr and Hf in an Ar / O2 atmosphere 
may enable depositions of crystalline oxides, while the lack thereof in 
magnetron sputtered Nb and Ta may lead to depositions of amorphous oxide 
films. Identifying the mechanism(s) responsible for the negative ion formation 
may enable to vary the O – ion flux and would therefore be of interest. 
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